ABSTRACT. A comparative study of X-and 0-mode high field side launch for electron cyclotron heating (ECH) breakdown and startup of tokamak plasmas has been performed. It is found that X-mode power is not absorbed at the cyclotron resonance but uniquely at the upper hybrid resonance, displaced to the low field side of the cyclotron resonance. 0-mode power, however, is absorbed at the cyclotron resonance as well. The displacement of the upper hybrid resonance to the low field side with 0-mode launch is significantly smaller than that with X-mode launch because of the lower densities produced by 0-mode launch at the same microwave power level. The result is a more central and less localized breakdown with 0-mode launch. The breakdown characteristics of X-and 0-mode launch are seen to affect the position of the initial plasma current centroid in the poloidal cross-section. There is a strong correlation between the initial current ramp rate and the initial plasma current position which is most likely due to the dependence of the plasma inductance, toroidal electric field and field line connection lengths on the plasma major radius. 0-mode launch starts the plasma more centrally than X-mode launch and results in higher current ramp rates. X-mode startup occurs further to the low field side where current ramp rates are observed to be poor.
INTRODUCTION
High power microwave injection has proven to be an effective method to improve the startup performance of tokamaks. This electron cyclotron heating (ECH) startup assist has been shown to significantly decrease the loop voltage required for startup while increasing the reliability and reproducibility of startup plasmas. The range of fill pressures and stray magnetic fields over which startup is achievable is extended over that of Ohmic startup. The delay of the current rise after turn-on of the loop voltage is decreased with ECH assist and the current ramp rates are increased over those of pure Ohmic startup at equivalent loop voltages. These general characteristics have been observed on several machines [l-61.
The ECH power may be launched into the plasma region of a tokamak from the high field side (HFS) or the low field side (LFS) with X-, 0-or mixed-mode polarization. The choice of the type of launch which will yield the most efficient startup over the widest range of operating parameters is important for future devices. Many early results of tokamak ECH assisted startup come from experiments with the ECH power * Permanent ufiZiution: Associazione Euratom-ENEA sulla Fusione, I-OOO44 Frascati, Italy. launched in either the TEol or the TEo2 mode. The injected beam was thus of mixed polarization and the specific effects of X-or 0-mode breakdown could not be separated. Other startup experiments have used TEll launch, which creates a somewhat linearly polarized beam but still contains a significant amount of crosspolarization. Several experiments have also launched the HEll mode, a TEII-TMll hybrid mode [7] producing a beam with small cross-polarization. With HEll launch, well defined X-or 0-mode plasma excitation is possible.
Although most present experiments control the polarization of the launched ECH power, few results have been published on the comparative effectiveness of the possible launching schemes. Very early, X-mode and 0-mode beams were launched on WT-I [2] vertically from the top of the tokamak and no difference in the startup characteristics of the two modes was seen. The cause for this was presumably that with top vertical launch, X-mode power and 0-mode power are both poorly absorbed on the first pass, and mode mixing occurred when the power was reflected from the vacuum vessel walls opposite the launching waveguide. X-and 0-mode ECH assist was also used on CLEO [8] and generally poorer performance was seen with X-mode launch than with 0-mode launch. The ECH power, however, was launched from the total line length (gyrotron +TCA) = 11.1 m TEo2 +TEol+TE1 I+ HE1 1 TEl1 + HEll convert
FIG. 1. 39 GHz gyrotron and microwave line elements. The gyrotron outputs a TEoz beam with a mode purity of 98%. The TEoz output is converted to the HE,, mode for X-or O-mode launch into TCA. The computed line
eflciency is 90%, and the HE,, cross-polarization is measured to be <1.5%.
LFS, and the result was most likely dominated by reflection of the X-mode power from the R cut-off located just in front of the launching waveguide.
The aim of our experiments, therefore, is to determine the differences between X-and O-mode breakdown in tokamak plasmas and how these differences affect tokamak startup. Since an X-mode beam is cut off from the LFS, we launch an HEll beam from the HFS, with the X-or O-mode polarization easily changeable between shots. The experimental configuration is described in Section 2, which includes a description of TCA, the ECH system and several of the more important diagnostics. The general X-and O-mode breakdown features are discussed in Section 3; this includes a discussion of absorption at the electron cyclotron resonance layer and the upper hybrid (UH) resonance layer. The effects of the breakdown characteristics of X-and O-mode launch on TCA startup are discussed in Section 4, with some remarks on the general operation of TCA. Conclusions are summarized in Section 5.
. EXPERIMENTAL CONFIGURATION
radius a = 0.18 m. The toroidal magnetic field is limited to values at or below B, = 1.6 T. TCA has a non-continuous vacuum vessel, separated electrically at two toroidal locations. The vacuum vessel is boronized regularly [IO] .
The ECH system [I13 is shown in Fig. 1 . The 39 GHz cyclindrical cavity gyrotron, designed and constructed by CRPP and ABB", outputs a TEO2 beam with a maximum measured efficiency of 42 % .
The gyrotron was tested to 250 kW pulsing into a matched, octanol filled microwave load. For the startup experiments reported here, however, the ECH power seldom exceeded 125 kW (0.32 MW/m3 of plasma, 0.13 MW/m3 of vessel volume). A wave number spectrometer, located above the gyrotron, measures the TEo2 mode purity to be 98 % , The microwave beam is converted (TEo2 -TEo, -TEll - HE,,) to the HEll mode as it passes through the 11 m of microwave line to the tokamak. The calculated line conversion efficiency is 90 % [ 1 11. The crosspolarization of the beam at tokamak injection is measured to be C IS%, the measurement limit. The quartz vacuum window is located inside the TCA vacuum TCA is an air-core circular cross-section tokamak
[9] with a major radius R = 0.615 m and a minor vessel at the end of the microwave waveguide to prevent vacuum breakdown in the line at the cyclotron resonance. The entire line is continually flushed with CO2 at atmospheric pressure to prevent line arcing. Arc detectors are located at both the gyrotron window and the TCA quartz vacuum window.
The TCA poloidal cross-section and launch geometry are shown in Fig. 2 . The microwave power, launched through the vacuum quartz window, is mirror to reduce deposits on the mirror and the quartz window. The cyclotron resonance can be placed between x r/a = -0.5 (quartz window) and x = +0.5
(maximum field). Receiving horns (two open ended Q-band waveguides), placed opposite the mirror in the same poloidal plane, measure microwave transmission for both X-and O-mode polarizations. The O-mode transmission measurements are useful for estimating first-pass absorption efficiency in the low density startup plasmas where refraction effects are not significant. For X-mode launch, however, the UH resonance and the R cut-off lying just in front of the X-mode receiving horn result in a complete loss of the X-mode transmitted signal once even the lowest density plasma has been created.
Since plasma absorption is markedly different for X-and O-mode microwave radiation, we use several diagnostics to determine the spatial absorption characteristics of X-and O-mode launch. Line integrated H, emission is recorded, with high spatial resolution, by a 100-channel H, camera, resolving horizontal (along the major radius) power deposition profiles. An reflected into the plasma region from a stainless steel ellipsoidal microwave mirror. The mirror focuses the 13.4" to 8.5" half-width with an e-2 beam diameter of 7 cm on the tokamak axis. The mirror is steerable; the accessible regions of the poloidal cross-section are between the cross-hatched lines in Fig. 2 optical spectrometer, recording plasma emission in the wavelength range from 7250 A to 7800 A, complements the H, camera. This line integrated emission measured along eight chords produces vertical power deposition profiles with reasonable spatial resolution. The data presented in this paper for the H, camera and the optical spectrometer are shown in uninverted form. A five-channel microwave interferometer also measures horizontal electron density profiles. These profile diagnostics all have good temporal resolution, with acquisition rates varying from 1.5 kHz to 10 kHz. The geometry of these diagnostics is shown in Fig. 3 .
BREAKDOWN
We perform two sets of experiments to determine the breakdown and startup characteristics of X-and 0-mode launch. In the breakdown experiments, microwave power is launched into the TCA vacuum vessel without application of loop voltage VL. Therefore, no large directed plasma current develops. This allows us to determine the general breakdown characteristics of X-and 0-mode launch without the effect of plasma current, the rotational transform of which widens the spatial absorption profiles. Also, with driven current the H, line quickly burns through, and the profiles become hollow, dominated by ionization of neutral influx from the edge. No vertical field is applied for the breakdown experiments. In the startup experiments the Ohmic heating transformers are energized at the beginning of the shot, creating the loop voltage necessary to start the plasma when ECH breakdown occurs. Then, the different effects of X-and 0-mode breakdown on the startup of the plasma can be seen. The startup scenario is described in Section 4.
Breakdown at the electron cyclotron and upper hybrid resonances
The Ha camera (Fig. 3) measures the horizontal H, emission profile every 650 pus. The Ha camera has a high spatial resolution of 4 mm on the horizontal axis. For the breakdown experiments, microwave power is launched into the vacuum vessel without an applied loop voltage, and the resulting H, emission is used to determine the location of the breakdown. We assume a low percentage ionization until burnthrough is seen and use the emission peaks as indications of peak absorption. An example of the contours of the H, emission for 0-mode launch is shown in Fig. 4 the peak located on the HFS is constant in time and corresponds to breakdown at the cyclotron resonance. The location of the cyclotron resonance layer is calculated from the magnetic field:
where B,,, is the resonant magnetic field for 39 GHz radiation and B, is the measured magnetic field at x = 0, and plotted as curve A in Fig. 4 . The UH resonance layer occurs where the magnetic field and density satisfy the condition
( 2 ) We use the five-channel interferometer to measure the horizontal electron density profile. This electron density profile and the R-' magnetic field profile then determine the location where Eq. (2) is satisfied. Since the measured densities are line averaged vertically (see Fig. 3 ), we assume a vertical profile shape to calculate the peak density values (for a given horizontal position) used to determine the shift of the UH resonance layer to the LFS of the cyclotron resonance. Figure 4 shows the calculated UH resonance position at intervals of 650 p s for a flat vertical density profile ( B r ) and a peaked vertical density profile (B") (with a parabolic peaking factor of 2.5). Densities at the limiter radius are assumed to be zero. We observe that the non-stationary peak located on the LFS of Fig. 4 closely follows the computed UH resonance location throughout the shot. Figure 4 therefore shows well resolved evidence (spatially and temporally) of breakdown at both the cyclotron resonance and the UH resonance. Note that the absorption near the UH resonance layer is much larger than that near the cyclotron layer. This is seen more clearly in a later example, shown in Fig. 9 . The movement of the breakdown location to the UH resonance is clearly observed on all TCA shots with VL = 0 V. After 1-2 ms, depending on the gas fill, wall conditioning and microwave power, the majority of the absorption is displaced to the LFS of the cyclotron resonance. This has important consequences for tokamak startup.
X/O-mode breakdown characteristics
X-mode and 0-mode launch exhibit significantly different breakdown characteristics. Differences are measured in the first-pass absorption efficiencies, ionization rates, electron densities per kW of ECH power, heating rates and breakdown location. All data presented in this paper are taken from consecutive TCA discharges, with the polarization of the ECH power rotated between the X-mode and the 0-mode within the given series. This ensures identical tokamak conditions for comparison of the two launched modes.
The transmission detector located opposite the mirror measures X-and 0-mode transmitted power. This detector, shown in Fig. 2 , consists of two Q-band open ended waveguides oriented 90" to each other. Transmission measurements for both the X-mode and the 0-mode are shown in Fig. 5 as a function of density. These data were taken over a series of about 70 discharges (both breakdown (V, = 0 V) and startup (V, = 1-2 V) discharges) to cover the entire density range. The range of densities for breakdown shots is indicated in the figure as & < 3 x 10l2 ~m -~, for which refraction effects are negligible. For these low breakdown densities, we observe 0-mode power to be poorly absorbed on the first pass. As the density increases during started discharges, the transmission decreases to zero, indicating, as expected, better absorption at higher densities. However, care must be taken at high densities, since refraction effects at significantly higher than what we would expect from calculation. This might indicate the existence of a high temperature, low density non-Maxwellian plasma component located at the cyclotron resonance. The poor 0-mode first-pass absorption leads to wall reflection and therefore a mixing of modes. It also results in a spatial spreading of the energy deposition across the entire vertical resonance layer, as shown below. We see that the transmitted signal for X-mode launch is negligible for all but the zero density case. This is presumably due to the UH resonance and R cut-off lying in front to the X-mode receiving horn. There is, however, evidence of good first-pass X-mode absorption as well as power spreading resulting from poor first-pass 0-mode absorption in the vertical plasma emission profiles of X-and 0-mode launch, shown in Fig. 6 . X-mode launch results in a peaked emission profile, a signature of localized power deposition possible only in the absence of wall reflection. We see, however, that the 0-mode launch emission profile is quite uniform vertically, although, in the first pass, the beam e-' power level intercepts only 20% of the resonance layer. We believe that multiple reflections from the vacuum vessel wall are responsible for the spreading of the deposition profile. These profiles of plasma emission characterize X-and 0-mode launch and are observed in all discharges. We see in Fig. 6 (a) that X-mode power is poorly absorbed on the first pass during the first -800 p s , evidenced by the uniform emission profile at the very beginning of the discharge.
We believe that this is the time required to create the initial plasma necessary to absorb the X-mode power. However, radiofrequency (RF) pick-up on the microwave interferometer precludes measurement of the electron density profiles during the first few milliseconds of the plasma discharge. Other evidence of poor 0-mode and good X-mode first-pass absorption is presented later in this section, where the breakdown characteristics of the 0-mode are seen to be mixed with those of the X-mode through wall reflections, while X-mode launch does not exhibit such mixedmode breakdown characteristics.
We also observe differences in the total ionization capability of the two modes. X-mode launch generally creates a larger average electron density than 0-mode launch. Figure 7 shows the average electron density for a series of discharges with varying B9. The electron densities measured using the five interferometer chords are averaged over the microwave pulse of 20 ms with PECH = 50 kW. The average density created with X-mode launch is seen to be 20-40% higher than that for 0-mode launch over the entire range of magnetic field. The ionization capability of either mode is seen to decrease as the toroidal magnetic field is increased, and the cyclotron and UH resonance layers move to the LFS. In general, we also observe a higher ionization rate with X-mode launch, evidenced by a faster H, line burnthrough. The higher electron densities and higher ionization rates are characteristic of X-mode launch and are seen in every case. In this section we have included data from a series of startup shots showing that the measured heating rates are also higher with X-mode launch. Figure 8(a) shows the carbon IV burnthrough time for a series of started ECH assisted discharges at various microwave powers. Carbon IV has an ionization potential of -65 eV and reaches burnthrough with X-mode launch in -65-75 % of the time required for 0-mode launch.
Although the electron distributions are not expected to be Maxwellian, the faster burnthrough of the carbon IV line does indicate faster general heating rates and higher overall 'temperatures'.
Bolometry measurements indicate a difference in impurity levels at the beginning of started discharges for X-and 0-mode launch, arising from the different breakdown properties of the two modes. The plasma radiated power is measured by a 16 channel bolometer array with P,,d/& -n,f,, where i is the impurity species and f, is a non-constant function of T,. Since we observe that the maximum of Prad always occurs 7-8 ms after the beginning of the ECH pulse for both X-and 0-mode launch, independent of the ECH power (contrary to the temperature behaviour with PECH in Fig. 8(a) ), we can exclude a strong temperature dependence on the radiated power. We therefore assume Prad/ne to be dominated by the impurity density n,.
Figure 8(b) shows the peak Prad/n, during the first 10 ms of the shots of Fig. 8(a) . We see that the radiated power is consistently higher for 0-mode launch for the entire range of PECH. This indicates a higher impurity influx, resulting from a higher microwave wall loading, as has been found to be inherent in 0-mode launch. This effect of higher impurity levels is seen, though, to disappear within 20 ms of the current startup and does not affect the impurity concentration (radiated power) later in the discharge for startup with either mode.
The H, camera situated -1.5 m above the midplane of TCA measures the horizontal H, emission profiles of breakdown plasmas. We use the H, profiles to determine the breakdown location for both X-and 0-mode launch. One example is shown in Fig. 9 for X-and 0-mode launch at PECH = 80 kW. The prefill pressure is Pfill -3 x prefill pressure used for discharges in TCA. Each point shown on the H, profiles corresponds to one pixel of the Ha camera. The on-axis magnetic field of 1.38 T places the cyclotron resonance at x = -0.03.
For 0-mode launch the two breakdown peaks discussed in Section 3.1 are clearly seen. The peak on the HFS, located at the cyclotron resonance, remains at x = -0.03 during the entire microwave shot. The peak on the LFS, located at the UH resonance, moves as the density and profile shape change. The profiles shown in the figure are measured at the very beginning of the microwave pulse. A majority of the 0-mode power is seen to be absorbed at the UH resonance, but significant absorption still appears at the cyclotron resonance. On the contrary, for X-mode launch, breakdown occurs only near the UH resonance, with no significant absorption occurring at the cyclotron resonance. Also, because of its higher ionization rates, X-mode launch creates higher densities, which move the UH resonance further to the LFS of the cyclotron resonance than 0-mode launch for the same microwave power. This displacement is shown as A x U H in Fig. 9 and is -50 % larger for X-mode launch. Note also that there is no breakdown for either mode for x I xWce. Electron density profiles are not available owing to RF pick-up on the interferometer circuit during the first few milliseconds of the microwave pulses. These characteristics of X-and 0-mode breakdown are seen for all microwave power levels, prefill pressures and toroidal magnetic fields. For 0-mode launch, the breakdown is, therefore, generally less localized and torr, which is a typical more central (horizontally) than for X-mode launch, owing to absorption at both the cyclotron and the UH resonance layers and the fact that the UH resonance layer does not displace as far to the LFS as in the case of X-mode launch. X-mode breakdown is seen to be more localized and displaced further to the LFS. It is also seen to be more localized vertically, as seen on the plasma emission profiles of Fig. 6 . The location of the breakdown is seen to be important for tokamak startup efficiency and is discussed in Section 4. The Ha contours of Fig. 4 and the Ha profiles of Fig. 9 indicate that strong absorption occurs near the UH resonance layer. In previous experiments this anomalous absorption was found to occur on the LFS of the cyclotron resonance [3, 12, 131 near the UH resonance, though, to our knowledge, there are no published data which show either a clear spatial resolution of the cyclotron and UH absorption or a well resolved temporal evolution of the movement of the UH resonance to the LFS of the cyclotron resonance for breakdown plasmas.
This anomalous absorption at the UH resonance layer can be explained by a linear conversion of the X-mode power to an electron Bemstein wave. This conversion can be essentially 100% efficient [14] . The power of the electron Bernstein wave is absorbed as it propagates back from the conversion region. However, there is also substantial evidence that the power absorption is a result of parametric decay of the X-mode power into an electron Bernstein wave and a lower hybrid wave at the UH resonance. This was seen to occur both in low density, low temperature plasmas [15-171, such as those found at breakdown, and in hot, dense, developed plasmas [18, 191 . The decay was verified by experiments in which waves of both the electron Bernstein wave and the lower hybrid wave frequencies (fulfilling the frequency matching condition) were seen to be generated near the UH resonance. The phenomenon was seen to be a threshold phenomenon indicative of a non-linear process. The power coupled to the lower hybrid waves accounts for the observed anomalous ion heating [16, 18, 191 . In TCA, we also observe this effect. Figure 10 shows ion heating resulting from injection of X-mode power. This is seen with a neutral particle analyser (NPA) measuring hot charge exchanged neutrals escaping from the plasma region. This effect greatly diminishes in TCA (see Refs [18] and [19] ) as the launch is changed from the X-mode to the 0-mode. the cyclotron resonance. Anisimov et al. [20] showed that X-mode absorption at the cyclotron resonance becomes negligibly small when the plasma electron density is such that it satisfies the relation In this regime, the electric field vector of the elliptically polarized X-mode wave is changed so that it rotates in a sense opposite to that of the plasma electrons, and the wave-electron coupling is lost. For 39 GHz, a density of n, > 0.8 X 10'' cm-3 is required to satisfy Eq. (3) -a density regime quickly reached in standard TCA discharges. This loss of wave-electron coupling is not expected to occur for 0-mode launch. Equation (3) is valid for a toroidal launch angle of e T = 0" (0, is the angle between the beam path and the radial direction). In TCA, the microwave beam may be launched with a toroidal angle of -25" < +25". One might expect a large effect of the toroidal launch angle on the X-mode breakdown characteristics, specifically a significantly improved absorption at the cyclotron resonance with a non-zero toroidal launch angle. We observe, however, that with the low temperature plasmas present at breakdown, the breakdown characteristics are practically independent of the toroidal launch angle. This is best illustrated by the Ha profiles of Fig. 11 , which are shown for injection both along the radial direction and with a toroidal launch angle of eT = 25". The profiles are seen to be identical in shape and amplitude, except for the region around the cyclotron resonance where sligthly higher absorption is seen for the €IT = 25" case. Though the difference is small, it is a reproducible effect. The electron density profiles show no measurable change with a change in €IT. We have calculated the expected X-mode absorption at the cyclotron resonance as a function of electron temperature and toroidal launch angle for parameters of typical TCA discharges. These calculations were performed using a wave propagation and absorption code for a hot slab plasma in the electron cyclotron range of frequencies [21]. The calculations show that for electron temperatures of a few electronvolts and below, the X-mode absorption at the cyclotron resonance is expected to be small ( < 5 %)
even for toroidal launch angles of up to €JT = 25".
It should be noted that with Thomson scattering measurements, sensitive to temperatures above 30 eV, it was never possible to measure an electron temperature during breakdown. Only for electron temperatures in excess of a few hundred electronvolts, well above those of TCA breakdown plasmas, is the absorption at the cyclotron resonance for a launch angle of €IT = 25" calculated to be complete.
0-mode breakdown characteristics, however, show no observable change when e T is varied. This is to be expected, since 0-mode cyclotron absorption is calculated to be practically independent of injection angle for 0" < €JT < +25". Some absorption at the cyclotron resonance may also be a result of wall reflections and mode conversion followed by absorption at very shallow angles of propagation where absorption is calculated to be efficient even for low electron temperatures. In this case, the observed cyclotron resonance width, measured by the Ha camera and calculated to be a function of electron temperature, is consistent with the upper T, limit given by Thomson scattering measurements. The fact that the measured breakdown characteristics of X-or 0-mode launch do not change significantly with changes in €lT results in the startup characteristics being independent of €lT for startup with either mode.
Finally, the fact that breakdown at the UH resonance occurs in TCA for 0-mode launch is assumed to be a result of the mode mixing that occurs with wall reflections after the poor 0-mode first-pass absorption described earlier in this section. X-mode breakdown, on the contrary, does not exhibit mixed-mode breakdown behaviour (i.e. no breakdown at the cyclotron resonance), again indicating that X-mode power is well absorbed on its first pass through the plasma volume.
ECH ASSISTED STARTUP
Microwave power is launched in either X-or 0-mode polarization to create the initial plasma required to achieve startup at low applied loop voltage 
V loop voltage spike occurs at the VL turn-on time.
The microwave pulse is therefore delayed to allow the loop voltage to stabilize to the desired value. During the 20 ms before the microwave turn-on, no plasma is created in the TCA vessel, as 8-10 V are typically required for pure Ohmic startup. The density, H, emission and start of the current rise appear simultaneously with the injection of ECH power. For these experiments, the loop voltage is held constant for the duration of the discharge and the current ramp rates for discharges of equal VL are compared. For all cases, vertical and horizontal field feedback is set for central positioning.
We immediately observe differences in the startup behaviour of X-and 0-mode launch. An example of startup at PECH = 100 kW, btECH = 10 ms and xWce= 0 for both X-and 0-mode launch is shown in Fig. 13 . 0-mode launch creates a steady current ramp which continues during and after the shut-off of the microwave power. The X-mode launch, however, creates a 'current clamp' during the ECH-on time which is released as soon as the microwave power is removed. This behaviour varies with ECH power, as shown in Fig. 14(a) , where the average current ramp rate during the microwave pulse is plotted as a function of ECH power for both X-and 0-mode launch. The cyclotron resonance for all shots is located on 
X-AND 0-MODE ECH BREAKDOWN AND STARTUP IN TCA
axis. The 0-mode current ramp rate is seen to increase asymptotically with power to -1 MA/s. The maximum current ramp rate is reached at PECH = -50 kW, above which additional ECH power has little effect. This threshold of 50 kW was seen consistently for 0-mode launch during all of the ECH operation in TCA. The X-mode launch reaches the same maximum as the 0-mode launch, but at a lower ECH power of -25 kW. As the ECH power increases from this point, the X-mode current ramp rate degrades. At high power, the current clamping effect becomes clearly evident ( Fig. 13 and high power X-mode points in Fig. 14(a) ). This behaviour is consistently seen throughout these experiments.
during startup is strongly affected by the location of ECH breakdown. We see this in Fig. 15(a) , which plots the average plasma current ramp rate as a function of the measured position of the current centroid 10 ms after ECH turn-on for -50 startup shots. These shots include variations in ECH power and gas injection. All shots have a central cyclotron resonance. The figure shows all shots starting on the LFS of the TCA poloidal cross-section -a result of ECH breakdown on the LFS of the cyclotron resonance, as seen in Fig. 9 . This is contrary to standard Ohmic cases which generally start on the HFS of the poloidal crosssection. We also see in Fig. 15(a) a strong correlation between the position of the initial current centroid and the current ramp rate -shots with large xp experience significantly lower ramp rates than shots with small xp (here, xp is the normalized horizontal position of the current centroid). Generally, as the ECH power or prefill pressure is increased, the current centroid moves with the breakdown location to the LFS. The distribution of the startup current position for the shots of Fig. 15(a) is shown in Fig. 15(b) for X-and 0-mode launch. We clearly see the more central startup accompanying 0-mode launch where current ramp rates are highest. We assume that this is due to the more central and less localized breakdown profiles of 0-mode power. It is important to note that X-mode points, which do start more centrally, exhibit the same current ramp rates as 0-mode points at the same radial location. This implies that the radial location of startup is more important in determining the current ramp rate than effects specific to either of the modes individually.
The decreased current ramp rates for currents located at larger major radius is thought to be due to a combination of several factors. Since the toroidal electric field E, varies as R-', a weaker driving force is applied for currents located at larger xp. For TCA The formation of the initial plasma current channel dimensions, E, is 30% lower at the LFS limiter than on axis. Also, the vertical field (B,) feedback system is set for central plasma positioning, creating a vertical field that is roughly proportional to Ip(xp + c), where c is a constant producing the vertical field necessary to keep a centred plasma from drifting to the LFS. Therefore, a plasma current created off axis is subjetted to a j x Bv force which tries to sweep it out of its initial formation location, creating a current profile centre which no longer corresponds to the ECH energy deposition location. Error magnetic fields may also result in decreased current ramp rates at large xp. The field line wall connection length L, varies as --
Berror where B, is the applied toroidal field, Be,,,, is the transverse error field and d is the distance to the limiter in the poloidal plane along the error field. The distance d is a function of breakdown position, decreasing as the breakdown approaches the edge of the poloidal cross-section. We see that the decrease in dIp/dt with xp may partly be a result of decreased L, and therefore of increased wall losses at large xp. In TCA, it is not possible to determine the magnitude of the error magnetic fields and therefore to estimate typical loss times associated with such fields. We do know that some moderate error field exists, since we observe small toroidal currents (100-300 A) for low density, VL = 0 V, discharges which are known to accompany non-zero stray vertical fields [22, 231. We can also attribute some of the dIp/dt decreased with increasing xp to the increased plasma inductance inherent in plasmas located at large xp. The coaxial model of toroidal plasmas gives the plasma inductance as where Le,, is the plasma external inductance, L,,, is the plasma internal inductance, a is the plasma minor radius, b is the average minor radius of the poloidal field windings, R is the plasma major radius, P, is the normalized plasma inductance and po is the free-space permeability. An increase in xp results in an increase following computations, as the external inductance is the major contributor to the total inductance.
An increase in x, has relatively little effect on L,,, ;
however, Le,, doubles as xp moves from xp = 0 to x, = 0.3, and the total inductance more than doubles as xp moves from x, = 0 to x, = 0.5. This change of L,,, with x, can have a significant effect on the plasma current ramp rate. Here we calculate this effect for the highest power X-and 0-mode shots of Figs 14. Using the Poynting formulation for the plasma power balance, we have
where L,,, is given by Eq. (5). V,,, is the resistive contribution to the measured loop voltage and (l/I,) (d/dt) ( f LtotI$ is the inductive contribution. Since we measure VL(t), I,(t) and all quantities required to calculate L,,,(t) (from Eq. (5)), we can perform the time derivative in Eq. (6) and calculate V,,,(t) for the PECH = 100 kW, 0-mode startup shot of Figs 14. V,,,(t) is thus calculated and is on average 0.3 VL during the startup portion of the discharge. Assuming for simplicity that the resistive loop voltage is approximately the same for X-and 0-mode startup at equal ECH power, we can compute the current ramp for the X-mode startup case (PECH = 100 kW) accounting only for the effect of increased plasma inductance with increased x,. We will refer to this as the inductance limited startup, Iind(t), which is computed numerically as the solution of (7) The inductance L,,,(t) has been recalculated from measurements for the X-mode shot. The result is shown in Fig. 16 . Figure 16(a) shows the measured current for the highest power X-and 0-mode shots of Fig. 14  (solid curves) , and the calculated current for the inductance limited X-mode startup computed with Eq. (7) (dashed curve). The difference in the currents between the inductance limited X-mode curve and the measured 0-mode curve arises from the difference in the total inductance between the two measured cases, shown in Fig. 16(b) . At the end of the ECH pulse, the X-mode inductance is seen to be twice that in the 0-mode, owing to the extreme shift of the plasma current to the LFS with X-mode launch. When the ECH is removed, the X-mode plasma current channel moves back to the centre (xp = 0) and its inductance falls to that of the 0-mode case. The current ramp rates then become approximately equal. The dashed curve therefore represents the appearance of the X-mode current ramp if only the changing plasma inductance with X-mode launch were responsible for changing the current ramp rate. The increased X-mode inductance then accounts for about one-half of the difference in the measured current ramp rates for the X-and 0-mode startup cases. We therefore conclude that the other half must be attributed to the effects of the toroidal electric field, the vertical field feedback and the wall connection lengths, discussed earlier. We should also mention that the q values of these startup plasmas are too high (typically above q = 50) to explain the decreased current ramp rate at increased x, by a plasma position dependent, low-q MHD current limit.
The current centre position for the power series of Fig. 14(a) is plotted in Fig. 14(b) . As the X-mode power increases, the current centre is seen to move further and further to the LFS where the startup, as shown in Fig. 15(a) , is poor. We see that increasing the 0-mode power also causes a movement of the current centre to the LFS. However, the displacement is small and does not cause a degradation of the startup current ramp rate. Electron density profiles are shown in Fig. 17 for the PECH = 20 kW and PECH = 100 kW cases of Fig. 14 , with the values averaged over the first 10 ms of the discharges. We see that at PECH = 20 kW the 0-mode launch density profile is nearly central, while the X-mode launch profile already shows strong LFS peaking. As the power increases to PECH = 100 kW, the 0-mode profile is also somewhat displaced to the LFS as n, increases, but it still remains more central than the X-mode profile. Though the electron density profile measurements do not provide a spatial resolution as large as that obtained with the H, camera, the general shape of the density profiles is consistent with stronger X-mode LFS absorption. The measurement error shown in the figure is the absolute error of the measurement, limited by the resolution of the fringe shift measurement of the microwave interferometer. The relative error between measurements is much smaller and therefore the profile shape -the important aspect of these plots -is quite accurately represented. The data presented in this section demonstrate that over the TCA operating conditions under which the data were taken, 0-mode launch, owing to its breakdown characteristics, allows startup more centrally and more efficiently over a wider range of operating parameters than X-mode launch. We see this consistently for all regimes of operation in which the gas injection schemes, ECH power, ECH pulse length and loop voltage are varied. For all of these data, the toroidal magnetic field is set for a central cyclotron resonance, resulting in startup for all shots on the LFS of the tokamak centre. The data suggest that if the toroidal magnetic field were lowered in order to displace the cyclotron resonance to the HFS of the centre, the breakdown would become more central and the startup performance of the X-mode at high power might increase above that shown in Fig. 14(a) .
However, this would require the proper density profile to create a nearly central UH resonance layer. The applied vertical field is controlled to position the plasma at x = 0. This setting may be important in determining the startup current position for the maximum current ramp rate. The fact that the X-mode reaches its maximum current ramp rate at lower power than the 0-mode suggests that X-mode startup may be more efficient than 0-mode startup with a proper density control, choice of magnetic field and positioning. If the highest current ramp rates for the lowest ECH power are required, these data suggest possible scenarios to bring about the most efficient startup. This might involve decreasing the magnetic field to place the cyclotron resonance far to the HFS (but still with xUce > -1) and preprogramming the position control to the expected breakdown location for the initial part of the pulse, switching to position feedback for central current position once a threshold current has been reached. Another possible scenario would require low power microwave launch in the beginning of the shot to keep the density low and the breakdown central, increasing the power as the current rises and as the absorption location becomes less critical. If, however, the flexibility or ease of tokamak operation is of primary importance, these data suggest that 0-mode launch is more desirable than X-mode launch, allowing efficient startup over a wider range of operating conditions (i.e. B,, &, PECH, Pfill). 0-mode launch also allows for easier LFS injection -a launch position not advisable with X-mode launch at the first harmonic. We have several remarks relating to the operation of TCA during the experiments described in this paper.
We generally operate with a loop voltage VL = 2.0 V (E, -0.5 Vim). We are, however, able to achieve 0-mode startup down to VL = 0.6 V (E, -0.15 V/m).
This reduction in loop voltage, though, results in significantly reduced current ramp rates, as shown in Fig. 18 .
The prefill pressures used for these experiments are in the range 0.5 x torr Pfill 4 x torr, with a typical value of Pfill = 3 x torr. Generally, as the fill pressure increases, the current ramp rate decreases as the power per particle decreases, and the current startup moves further to the LFS with the increasing density. Though the prefill pressure is controlled in every shot, we sometimes find it difficult to reproduce the startup current ramp rates even at constant Pfill. This is due to the contribution of neutral particles recycled from the walls which changes with wall conditioning, previous shot history, etc. This in part accounts for the scatter of points in xp in Fig. 15(a) . It should be noted that no wall conditioning is performed between shots.
The ECH power is reflected from an ellipsoidal microwave mirror, steerable both poloidally and toroidally. The range of possible toroidal injection angles is -25" < e T < +25", where e T is the angle between the beam path and the radial direction. As shown in Section 3.2, the breakdown characteristics of both X-and 0-mode launch do not change significantly when e T is varied. We therefore do not expect, and do not observe, any change in the startup characteristics of either mode as we vary the toroidal injection angle over its entire range. This was tested in a variety of conditions.
5, CONCLUSIONS
The results presented here are obtained from a study designed specifically to compare the differences between X-and 0-mode launch for ECH breakdown and startup in tokamak plasmas. We see spatially and temporally resolved evidence of breakdown at both the cyclotron and the UH resonance layers. Breakdown with X-mode launch is characterized by good first-pass absorption taking place only at the UH resonance layer. This absorption is well localized vertically. 0-mode launched microwave power, however, is absorbed at both the cyclotron layer and the UH resonance layer, therefore distributing its power along the major radius. The low first-pass absorption also results in a distributed vertical power deposition profile, as the power reflects from the vessel walls. These reflections also result in mode mixing, which is evidenced by breakdown at the UH layer, expected only for X-mode polarization. X-mode launch, in general, produces higher overall densities and a more prompt density rise than 0-mode launch. The lower densities created by 0-mode launch result in a smaller displacement of the UH resonance layer to the LFS of the cyclotron resonance layer. This produces a more central breakdown than is achieved with X-mode launch whose power is absorbed far to the LFS. These breakdown characteristics are seen to affect the startup of TCA plasmas. The initial current ramp rate is strongly correlated with the startup current position -currents starting at larger major radius experience significantly lower current ramp rates. Increasing plasma external inductance with increasing major radius accounts for part of the decreased current ramp rate. The remainder is thought to be due to lower toroidal electric fields and lower field line connection lengths for plasmas located at large R, and to the vertical field feedback designed for central plasma positioning which attempts to move the plasma radial position away from the location of the ECH power deposition. 0-mode launch is seen to start more centrally than X-mode launch, resulting in higher current ramp rates. X-mode launch creates the initial plasma current far to the LFS of the tokamak poloidal cross-section, resulting in a degraded startup performance. This effect becomes more pronounced at high powers -a result of the increasing ne with PECH and the subsequent displacement of the UH resonance layer further to the LFS. The movement of the current position with increasing power is also seen with 0-mode launch, but the effect is much smaller owing to breakdown at the fixed cyclotron resonance and a smaller value of AxUH. The data suggest that with careful control of the toroidal magnetic field, electron density and position feedback, X-mode launch may result in more efficient startup. 0-mode launch, though, is seen to provide efficient startup over a wider range of operating parameters.
